is paper presents a study on the fatigue life prediction of notched fiber-reinforced 2060 Al-Li alloy laminates under spectrum loading by applying the constant life diagram. Firstly, a review on the state of the art of constant life diagram models for the life prediction of composite materials is given, which highlights the effect on the forecast accuracy. en, the fatigue life of notched fiber-reinforced Al-Li alloy laminates (2/1 laminates and 3/2 laminates) is tested under cyclic stress, which has different stress cycle characteristics (constant amplitude loading and Mini-Twist spectrum loading). e introduced models are successfully realized based on the available experimental data of examined laminates. In the case of Mini-Twist spectrum loading, the effect of the constant life diagram on the life prediction accuracy of examined laminates is studied based on the rainflow-counting method and Miner damage criteria. e results show that the simple Goodman model and piecewise linear model have certain advantages compared to other complex models for the life prediction of notched fiber metal laminates with different structures under MiniTwist loading. From the engineering perspective, the S-N curve prediction based on the piecewise linear model is most applicable and accurate among all the models.
Introduction
Fiber metal laminates (Arall and Glare et al.), as the new generation of aircraft structural materials, are the best alternatives for aluminum materials [1] . ese laminates are composed of the metal layers and the fiber-reinforced resin layer, and these fibers can be placed in different directions [2] . Compared with conventional materials (metals or fiberreinforced epoxy resin composites), fiber metal laminates could enhance the mechanical property by combining the metal layer and fiber layer, which exhibit excellent fatigue and impact properties and allow for flexible structural designs. Currently, fiber metal laminates have been used in the fuselage, leading edge, and other parts of the Airbus [3] [4] [5] [6] . In view of the abovementioned advantages, fiber metal laminates have the potential wide application in aerospace equipment.
us, understanding their fatigue performance is very important.
In general, fatigue strength is often referring to the structural strength under constant amplitude fatigue loading. However, constant amplitude loading is too ideal for engineering structures in practice. erefore, variable amplitude cyclic stress should be considered [7] . In addition, not only the smooth material is used in actual engineering, but also notched materials are used more frequently. Since the failure mechanism of the smooth material is different from that of the notched material, the study on the fatigue properties of the notched material is also necessary. In the past few decades, the fatigue life prediction of composites under variable amplitude cyclic stress has received increasing interests. At the same time, the fatigue properties of the notched composite material are also widely concerned.
e life prediction problem of unnotched composite materials under variable amplitude loading is mainly based on the theory of fatigue damage cumulative and progressive fatigue damage. Some researchers have made some achievements in the application of fatigue damage cumulative theory to predict the fatigue life. A fatigue damage cumulative model for the fiber-reinforced plastics (FRPs) under variable amplitude loading was presented by Yao and Himmel [8] , which was assumed that the damage state of laminates could be described phenomenologically by residual strength. A review on damage accumulation rules and residual strength approaches for FRP materials subjected to spectrum loading was made by Post [9] , and the prediction accuracy of these introduced models was compared and analyzed. e effects of the cycle-counting method, constant life diagram formulation, and damage accumulation theory on the life prediction problem for composite materials under spectrum loading were discussed by Passipoularidis and Philippidis [10] . e fatigue properties of carbon fiber-reinforced plastic laminates under variable amplitude loading were studied by Hosoi et al. [7] , who found that damage cumulative under variable amplitude loading could be better described by considering residual strength. Some researchers have also made some progress in the study of progressive fatigue damage theory for life prediction. In order to simulate the damage process of composite laminates under fatigue loading, a progressive fatigue damage model was first proposed by Shokrieh and Lessard [11] . Based on the fatigue test of the unidirectional laminates, the fatigue life prediction system of composite laminates was constructed by the three-part cyclical process of stress analysis, failure analysis, and material performance degradation. A progressive damage model applied in fatigue life prediction for composites under block and spectrum loading was discussed by Passipoularidis et al. [12] , who used classical lamination theory to perform stress analysis, applied the failure criterion of Puck to implement adequate stiffness discount tactics, and merged residual strength into fatigue damage accumulation criteria. Fatigue properties of notched composites under variable amplitude loading have also been studied by some scholars. In order to increase the life prediction accuracy of notched composite materials under spectrum loading, an improved progressive damage model was proposed by Hu et al. [13] . In the model, a stiffness-strength degradation coupled model which was related to the damage of composites was developed, and a damage equivalent was made by the continuity of stiffness degradation so that it could be effectively applied to fatigue life prediction under complex loading. e fatigue crack growth model and delamination growth behavior of notched fiber metal laminates were studied by Khan et al. [14] [15] [16] [17] , who considered the effect of variable amplitude loading. A mechanism-based life prediction model of FMLs under constant amplitude loading was developed by Wu and Guo [18] . And the fatigue behaviors of GLARE laminates under single overloads were investigated experimentally and were predicted by an equivalent crack closure model. e fatigue crack growth and delamination extension behaviors of FMLs under single tensile overload were studied by Huang et al. [19] , who found that fatigue crack growth and delamination behaviors could be influenced by the stress intensity factor of the crack tip in the metal layer when the overload is applied.
Studying on the potential damage mechanism of composite laminates and interpreting the relationship of feedback between materials and loading are a new research trend for the fatigue model of composite laminates [20] . e method based on the actual damage mechanism involves the properties of the fiber and matrix and the fatigue behavior of the laminate structure. However, the studies on fatigue life prediction of composites using the actual damage mechanism are restricted due to the complexity of the phenomenon [9] . As a result, the phenomenological approach has been more prevailing in the life prediction of composite materials under variable amplitude loading. It is an experienced method based on macroscopic mechanical properties of composites, which avoids the independent hypothesis units of component materials and obtains the model parameters by curve fitting. In order to verify the effectiveness of this method, composite materials with different compositions and those with different layer structures under various loading conditions have been examined by various researchers [10, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
e phenomenological approach has the same applicability for the unnotched and notched laminates, and the approach can phenomenally reflect the material damage.
is is because the approach is a phenomenological empirical method that does not take into account the specific damage situation, and the model parameters can be obtained by curve fitting. e phenomenological approach for fatigue life prediction of composite materials under variable amplitude has three processes: (1) loading cycle counting, (2) the constant life diagram (CLD) model, and (3) the damage criterion. In order to determine an effective life prediction method under practical spectrum loading, some researchers have attempted to compare different models for each process [10] . Among them, the rainflow-counting method and Palmgren-Miner (PM) damage criteria are, respectively, the most widely used methods in the process of loading cycle counting and damage criterion.
ese CLD models are derived from different mathematical principles and based on the fatigue data of materials under constant amplitude loading. For the CLD-modeling process, it has been shown in recent studies that different models have a great impact on the fatigue life prediction accuracy of composite laminates under spectrum loading [21] .
Unlike fiber-reinforced resin laminates, the fiberreinforced metal laminates have a metallic composite 2
Advances in Materials Science and Engineering structure and a nonmetallic composite structure, which leads to a different fatigue damage mechanism. A large number of documents showed that the research of this material was mainly focused on fatigue crack propagation and delamination behavior. Generally, it is very difficult to study the fatigue life prediction under complex spectrum loading based on fatigue crack propagation and delamination behavior, and there is very few research on the fatigue life prediction for notched fiber metal laminates based on the phenomenological approach. In this paper, different CLD models in the life prediction of composite materials are introduced and compared. e effect of CLD models on the life prediction of notched fiberreinforced Al-Li alloy laminates under spectrum loading is the focus of this study. e applicability of the model, the requirement of the test data, and the prediction accuracy are treated as important assessment parameters. e 2/1 laminates and 3/2 laminates of the notched fiber-reinforced Al-Li alloy are tested under three kinds of cyclic stress (constant amplitude loading with the stress ratio R � 0.06, that with the stress ratio R � −1, and Mini-Twist spectrum loading). Taking the fatigue life prediction under Mini-Twist spectrum loading for two kinds of the material as an example, the effect of CLD models on life prediction under Mini-Twist spectrum loading is studied through the use of the rainflowcounting method and Miner damage criteria.
Life Prediction Theory for Composite Material

Composite Life Prediction.
At present, the research work on fatigue life prediction of composite materials under variable amplitude mainly focuses on the phenomenological approach. For life prediction under the complex stress cycle, it is a simple and effective method. e basic mechanical properties of the examined material used as input in the calculation are the compression static strength, tension static strength, and at least one S-N curve. e implementation process of the phenomenological approach is described as follows: Firstly, the number of cycles for the applied spectrum or block loading will be counted in order to predict the fatigue life under the complex stress cycle. e rainflow method is regarded as the most common cycle-counting method used in the irregular loading spectrum and is therefore adopted in this study. Secondly, the fatigue life at desired R is evaluated by using the aforementioned material properties. An empirical model is required by most of the damage accumulation approaches to determine the total failure cycles under a constant amplitude stress which is equivalent to the current applied stress. Hence, the total failure cycles can be determined directly by the constant life diagram for a given stress cycle. e method will be later discussed in detail. Finally, the damage accumulation will be calculated. In this study, the Miner damage rule is adopted. It is a well-known and simple linear empirical rule.
Constant Life Diagram Models.
Constant life diagrams are treated as a predictive tool to estimate the material fatigue life under loading patterns. It can reflect the combined effect of material properties and mean stress on the fatigue life [22] . e main parameters used to build CLD models are the cyclic stress amplitude σ a , the mean cyclic stress σ m , and the stress ratio R. e R is defined as the ratio of the minimum cyclic stress to the maximum cyclic stress, that is, R � σ min /σ max .
A number of CLD models have been proposed in the past to describe the characteristics of different composite materials. Based on symmetric linear Goodman and nonlinear Gerber equations, a variety of correction models are derived to simulate the behavior characteristics of composite materials [21] .
e Goodman diagram is the simplest and most basic CLD and often used to verify the validity of other models. Without any assumptions, the piecewise linear (Pwlinear) interpolation was used between different S-N curves based on modified Goodman diagram concepts [23] [24] [25] . According to this idea, the analytical expressions for any desired S-N curve were proposed [26] .
e piecewise nonlinear (PNL) model was developed by Anastasios, in which simple phenomenological equations were established based on the relationship between the stress amplitude σ a and the stress ratio R [22] . In addition, the PNL model was a mathematical representation of the material's properties on the R − σ a plane, and the equations were derived without any assumptions. e Bell model was derived by Harris et al., and it was based on the semiempirical formulations [27] [28] [29] . e result of this model was a continuous bell-shaped line from compressive strength to tensile strength, which was obtained from a nonlinear equation by fitting the experimental data. Based on the theory of the Gerber line, Boerstra deduced another CLD formulation [30] . In this model, the theory of variable slopes with various mean stresses for the S-N lines was introduced, and the exponent 2 of the Gerber equation was modified as a variable.
is model provided a simple method for the fatigue life prediction and avoided fatigue data classification based on R values, when the laminate material was subjected to cyclic stress with continuously varying mean stress. An alleged heteromorphic CLD was derived by Kawai, and the model was established by introducing the "critical" S-N curve concept [31, 32] . e ratio of ultimate compression strength (UCS) to ultimate tensile strength (UTS) was treated as the R value of the critical S-N curve for the examined material. Based on the assumption that fatigue failure probability and static failure probability are equivalent, Kassapoglou recently developed a new CLD model [33] . Only the compressive and tensile static strength data were required to obtain the desired S-N curve in the Kassapoglou model. However, this model had an obvious drawback: it ignored different damage mechanisms resulted from fatigue stress and led to erroneous results in some cases. e models mentioned above will be described in detail below.
Goodman Diagram.
For any cycle stress with the stress amplitude σ a and mean stress σ m , the equivalent stress amplitude σ eq at R � −1 is expressed as follows:
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e equivalent stress σ eq corresponding to any cycle stress can be obtained by using the above equations. It will be used as an input into the S-N curve at R � −1 in order to determine the allowable number of cycles N i for the current cycle stress.
e model can be used directly based on a power S-N curve or an exponential S-N curve.
Piecewise Linear CLD Model.
e piecewise linear CLD model is deduced by linear interpolation theory between different S-N curves on the (σ m -σ a ) plane [23] [24] [25] [26] . is CLD model is constructed based on the compression static strength data and tension static strength data as well as a limited number of known S-N curves (generally at R � 10, R � −1, and R � 0.1). e S-N curves at any R values can be obtained by linear interpolation theory between experimentally determined static strength and fatigue strength data.
In this study, two experimentally determined S-N curves and static strength data are available.
e unknown S-N curves can be obtained by the linear interpolation theory.
e diagram of the piecewise linear model is shown in Figure 1 , and the derivation process of the model is as follows.
e R values of two determined S-N curves are defined as R 1 and R 3 , respectively, and the R value of desired S-N curves is defined as R 2 . Firstly, the mean stress σ m,2 and stress ratio R 2 of the current cycle are determined. Secondly, the values of σ m,k and σ a,k (k � 1, 3) for known S-N curves are calculated based on the slope a 1 and intercept b 1 , and the slope a 3 and intercept b 3 . e position of R 1 and R 3 on the (σ m -σ a ) plane is described by σ m,k and σ a,k . e position of R 2 on the constant life plot can only be described by σ m,2 and σ a,2 , so the exact location cannot be determined at present.
irdly, an initial fatigue life N is assumed. When R k < 1.0 (k � 1, 3), for the assumed life N, the corresponding formulas of mean stress and amplitude stress are shown as follows:
and when
Fourthly, the line equation through points {σ m,1 , σ a,1 } and {σ m,3 , σ a,3 } on the (σ m -σ a ) plane can be obtained:
and the line equation of the desired R 2 on the (σ m -σ a ) plane is
Finally, the intersection point of the two lines corresponding to (4) and (5) will be solved. e abscissa value σ m,2 of the intersection is presented as follows:
e model is derived based on a power S-N curve and can be used directly. If the model is applied based on an exponential S-N curve, the expression of σ m,k and σ a,k will be adjusted correspondingly according to the exponential S-N curve equation.
Piecewise Nonlinear CLD Model.
e stress amplitude, mean stress, and stress ratio are the basic fatigue parameters required by the CLD formulation for a given cycle life [22] . e relationship between the three parameters is given as follows:
It can be seen from the above equation that any combination of two of these parameters can be used to describe the material behavior and establish a CLD model. For the fatigue life under different cycles loading, the relationship between the stress amplitude σ a and stress ratio R is presented in Figure 2 .
e desired S-N curves can be represented by the vertical lines through the corresponding R value and perpendicular to the x-axis, as can be seen from Figure 2 . According to the variation characteristics of stress amplitude in the above line graph, the diagram can be divided into four different regions which, respectively, correspond to four loading conditions. Part I is under −∞ ≪ R ≪ −1 for compression-tension loading; Part II is under −1 ≪ R ≪ 0 for tension-compression loading; Part III is under 0 ≪ R ≪ 1 for tension-tension loading; and Part IV is under 1 ≪ R ≪ ∞ for compression-compression loading. e fatigue behavior of each part will be represented by the phenomenological equations, and the corresponding parameters in the model can also be obtained by applying the known data and appropriate boundary condition. For Parts I (−∞ ≪ R ≪ −1) and IV (1 ≪ R ≪ ∞), the stress amplitude is expressed as follows:
e A I , A IV , B I , and B IV in the above equation can be defined as follows:
If the S-N curve at R � 10 is available, it can be used to replace the S-N curve at R � ± ∞. In addition, the boundary conditions of the above model will be modified accordingly. For Part II (−1 ≪ R ≪ 0) and Part III (0 ≪ R ≪ 1), the stress amplitude is expressed as follows:
e exponent n is equal to 1 in Part II and is equal to 3 in Part III. When the S-N curve at R � 0 is taken into account, the A II , A III , B II , and B III in the above equation can be defined as follows:
Similarly, if the S-N curve at R � 0.1 is available, it can be used to replace the S-N curve at R � 0, and the boundary conditions of the above model will be adjusted accordingly.
Bell CLD Model.
e Bell CLD model derived by Harris obeys the following relationship [27] [28] [29] :
where X stands for the ultimate tensile strength and X ′ stands for the ultimate compression strength. e parameters f, u, and v are adjustable based on the function of fatigue life. A set of values for f, u, and v corresponding to different cycle stresses are different based on (12) . is means a set of values for f, u, and v corresponding to different fatigue lives are also different. According to the fatigue data of the examined FRP material, these parameters are deduced to have a linear relationship with the logarithm of fatigue life:
where A i and B i can be calculated by fitting (13) based on the available fatigue life data under different loading cycles. Here, each pair of f, u, and v values will be obtained by (12) to use nonlinear regression on the (σ a -σ m ) plane. Different formulations of the parameter f have been built by Harris et al. based on the test data of different composite materials [27] . In the most recent study, the equation is as follows:
where both A and p are the functions of logarithmic life and c is defined as UCS/UTS. In order to obtain reasonable results, the values of A � 0.71 and p � 1.05 are often used for the given laminates. e model can be used directly based on a power S-N curve or an exponential S-N curve.
Boerstra CLD
Model. An alternative formulation of the CLD developed by Boerstra can be used to predict fatigue life [30] . e mode can be applied when the given fatigue data are random data that are not necessarily required to belong to an S-N curve. e basic parameters required by the Boerstra model are the compression static strength data, tension static strength data, and fatigue life data under different cyclic stresses with constant amplitude. A modification based on the Gerber line is made by the model, and the shape of the diagram in the model is modified by introducing a variable exponent to replace the exponent 2. Different exponents are introduced under the tension or compression region. is obeys the following general relationship: 
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where the parameter S AP is the peak amplitude of the constant life (CL) line for N p cycles, the parameter S ap is the stress amplitude for N p and S m , the parameter αT is the shape parameter of the CL line under the tension region, and the parameter αC is the shape parameter of the CL line under the compression region. Based on the existing fatigue data of various laminate materials, the study shows that the slopes of the S-N lines under different mean stresses are variable. e S-N curve is steep under the tension region and has a smaller m value; the S-N curve is flatter under the compression region and has a higher m value. An exponential relationship between the curve slope m and the mean stress S m is shown in the following equation:
e parameter m0 is defined as the S-N curve slope on the log-log scale when S m � 0, and the parameter D is the skewness parameter depended on m. e modeling process is as follows.
Firstly, an original model will be created by choosing the life value for N p and assuming the initial values for m0, D, αT, and αC. Secondly, the value of S AP will be solved as follows: (1) e expected value m corresponding to each S m is calculated by (17) , and each measured point data (S m , S a ) are projected onto the N p plane by (18) . (2) Each mapping point S ap is transposed onto the S m � 0 axis by (15) or (16) . (3) e S AP in the model will be obtained by calculating the mean value of all individual points.
irdly, the abovementioned parameters m0, D, αT, or αC will be optimized by obtaining the best fitting of the data points in the model. e least squares method will be adopted as the optimization method: (1) e logarithmic deviation of the fatigue life Δn is solved for each measured point: Δn � ln(N) − ln(N e ), where N e � N p (S ap,mod /S a ) m and N is the measured number of cycles. (2) e logarithmic deviation of the stress amplitude ΔS a for each point is also solved: ΔS a � ln(S ap ) − ln(S ap,mod ), where S ap,mod is obtained by substituting the S AP and the measured S m into (15) or (16) . Because both ΔS a and Δn are obtained from logarithm form, they will be dimensionless.
e shortest distance Δt between the S-N curve and each measured point data can be obtained, and the expression is as follows:
e standard deviation of all Δt is known as the total standard deviation SD t . By optimizing the parameters m0, D, αT, or αC, the best fit can be achieved such that SD t is minimal. e model is derived based on a power S-N curve and can be used directly. If the model is applied based on an exponential S-N curve, (17) and (18) will be adjusted correspondingly according to the exponential S-N curve equation.
Kawai CLD Model.
For the Kawai CLD, the model can be implemented by applying only one critical S-N curve, which is its basic characteristic [31, 32] . e critical S-N curve is defined as the experimentally determined S-N curve at R value, where R value is the ratio of USC to UTS for the examined material.
e Kawai model can be realized by using the compression static strength data and tension static strength data as well as the critical S-N curve.
e mathematical formulation of the model will be represented in different forms based on the tensile region or the compressive region. e relationship is as follows:
where σ e Kassapoglou model can be applied to obtain any desired S-N curve by using the sufficient compressive and tensile static strength data. However, the basic assumption of the model ignores the effects of different damage mechanisms. Due to lack of test data needed for the Kassapoglou model in this study, it is not described in detail here.
Test Setup
Specimen Forms and Material Properties.
Fiber-reinforced 2060 Al-Li alloy laminates with the 2/1 structure and 3/2 structure were selected to carry out the loading test in this paper. e plate with center holes was adopted as the fatigue specimen.
e form and the structure of the fatigue specimen are shown in Figures 3 and 4 , respectively, and the property of the component material is shown in Table 1. e stress concentration factors which apply to net-section stress of the 2/1 laminates and 3/2 laminates are 2.57 and 2.56, respectively. e thickness of metal layers in the laminates is 1.9 mm, and the thickness of the fiber layer is 0.9 mm. e longitudinal direction of the metal material is used as the sampling direction of the metal layer in the laminates, and 0°is used as the laying direction of the fiber in the fiber layer. e UTS and UCS of the fiber-reinforced Al-Li alloy laminates with the 2/1 structure are 655 MPa and −521 MPa, respectively. e UTS and UCS of the fiberreinforced Al-Li alloy laminates with the 3/2 structure are 665 MPa and −538 MPa, respectively.
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Test Equipment.
e test equipment used in this test is a low-frequency fatigue testing machine, which is produced by Shimadzu Corporation. e model of the testing machine is EHF-EV101k1-040-1A, as shown in Figure 5 . For the testing machine, the error value of the static load is less than ±0.5%, the dynamic load is less than ±3%, and the load range is ±100 kN.
Test Method.
e test is carried out with reference to the National Aerospace Standard HB5287-96 [34] . e complete rupture of the metal layer in the laminates is treated as a fatigue failure criterion.
e test is performed at room temperature in air environment, and the sine wave is used as the loading waveform. ree loading forms with different cycle characteristics were adopted in this study (constant amplitude loading with the stress ratio R � 0.06, that with the stress ratio R � −1, and Mini-Twist spectrum loading). e spectrum loading diagram is shown in Figure 6 . ree stress levels are used in the S-N curve test, in which 3∼5 samples are tested for each stress level, and the confidence level should be more than 95%.
Test Results.
e test results obtained under different loading modes comprise six S-N curves, which are mainly in the range of 5 × 10 4 ∼5 × 10 5 cycles. In order to evaluate the fatigue lives by the phenomenological approach, it is important to select the appropriate expression of the S-N curve.
e S-N curve equation can be expressed in different ways. In order to match the application of the CLD model, the fatigue data are fitted by using the standard HB5287-96 and are expressed by the power function that is now widely used.
e linear relationship between the stress and the fatigue life is given by
e expression is derived from the classical power function formula of the S-N curve (σ a N � C). After taking the logarithm on both sides of the formula, (21) is obtained, where the parameter a is the slope of the S-N curve and the parameter b is the intercept of the S-N curve. According to the theory of least squares regression, the test data can be fitted very well with the equation [24] . e values of σ p for constant amplitude loading at R � 0.06 and R � −1 depend on max ||σ p ||, ||σ v || , and the value of σ p for Mini-Twist spectrum loading will depend on the baseline stress of the load spectrum. e S-N curves with the best fitting for each data set are presented in Figure 7 , and the values of the parameters a and b are listed in Table 2 .
Metal layer
Fiber layer Fiber layer 
Life Prediction under Spectrum Loading
Loading Cycle Counting.
Many cycle-counting methods for variable amplitude fatigue loading have been used in the literature, which are from simple counting theory to complex algorithms. e simple theories include the peak, range-mean, and level crossing counting method, while the complex algorithms mainly refer to the rainflow counting and the related routine. In recent research, a discussion on the effect of the cyclecounting method was carried out by Passipoularidis in fatigue life prediction for composites. e research suggested that any cycle-counting methods would bring similar results [10] .
Although the load spectrum will be unavoidably rearranged, even combined to produce full cycles, the rainflow-counting Figure 8 .
Constant Life Diagram Formulation.
In this section, the allowable cycle number corresponding to R values that are not measured experimentally is evaluated. rough the above CLD model, fatigue life at R values that are not measured experimentally in spectrum loading is obtained. Because the power function is used as the expression of the S-N curve, the comparison of the models based on power curve function is introduced in detail, and the constant life diagram of two materials is presented in the following sections.
4.2.1.
e 2/1 Laminates. As shown in Figure 9 , three constant life curves corresponding to three life levels (37722, 76560, and 555904) are solved by each model for the 2/1 laminate material. e input data of the above CLD model mainly include the static strength data and the two available S-N curves at R � −1 and R � 0.06. e S-N curve at R � −1 and static strength data can be used to construct the formulas in the CLD models of Goodman and Kawai. For the Goodman model, the S-N curve at R � −1 can be used directly to construct the model. e ratio of UCS to UTS for the examined material is −0.795, which is the R value of the critical S-N curve in the Kawai CLD model. However, the S-N curve at this R value is not available. e critical curve in the model will be replaced by the closest curve in all curves at R values measured experimentally, that is, the curve at R � −1. en, the critical curve is brought into the original model to solve the constant life curve. e two existing S-N curves and static strength data are used for the construction of other models. For the piecewise linear CLD model, the linear interpolation method is directly used to obtain the constant life curve. For the piecewise nonlinear CLD model, because the S-N curve at R � 0 is not available, the S-N curve at R � 0.06 is used to replace the S-N curve at R � 0. e appropriate correction is made by solving the stress amplitude values corresponding to the three levels of life previously mentioned at R � 0. en, the solved stress amplitudes, which are 95.985 MPa, 75.48 MPa, and 38.49 MPa, are brought into the model parameters to obtain three constant life curves. Due to the lack of a known condition under −∞ < R < −1 and 1 < R < ∞ regions, and the information under −∞ < R < −1 and 1 < R < ∞ regions is not required by Mini-Twist loading the model does not solve the constant life curve in the above area. For the Bell CLD model, since there are only two known R curves, (13) cannot be used directly to solve the value of f, u, and v. Firstly, the empirical value of f obtained by (14) is 0.903, and two given curves are substituted into (12) to obtain the value of u and v.
en, in order to obtain the linear relationship between u and logarithmic life, each u value is fitted linearly in the coordinate system where logarithmic life is used as the abscissa. Similarly, a linear relationship between v and logarithmic life can also be obtained. In all the above methods, some models can construct the formulation by using only the R � −1 curve. erefore, for the models constructed by using only the R � −1 curve, the S-N curve at R � 0.06 can be treated as the validated data. As shown in Figure 9 , the prediction results of the Goodman and Kawai CLDs are not accurate enough for the 2/1 laminate material. For the Kawai model, the inaccurate results might be due to the difference between the used critical S-N curve and the one recommended by the Kawai model. In addition, the constant life curve under −∞ < R < −1 and 1 < R < ∞ regions in the Bell model is obviously unreasonable, which may be due to the use of f empirical formula.
4.2.2.
e 3/2 Laminates. As shown in Figure 10 , three constant life curves corresponding to three life levels (47643, 110154, and 307610) are solved by each model for the 3/2 laminate material. e input data of the above CLD model mainly include the static strength data and the two available S-N curves at R � −1 and R � 0.06. Similar to 2/1 laminates, the S-N curve at R � −1 and static strength data can be used to construct the formulas in the CLD models of Goodman and Kawai. For the Goodman model, the S-N curve at R � −1 can be used directly to construct the model. e ratio of UCS to UTS for the examined material is −0.810, which is the R value of the critical S-N curve in the Kawai CLD model. erefore, the S-N curve at R � −1 is used as the critical curve of 3/2 laminates. Finally, the critical curve is brought into the original model to solve the constant life curve. e two existing S-N curves and static strength data are used for the construction of other models. For the piecewise linear CLD model, the linear interpolation method is directly used to obtain the constant life curve. For the piecewise nonlinear CLD, the model is accordingly modified, and the solved stress amplitudes values corresponding to the three levels of life at R � 0 are 85.49 MPa, 69.99 MPa, and 54.99 MPa, respectively. en, the solved stress amplitudes are brought into the model parameters to obtain three constant life curves. Similar to 2/1 laminates, the constant life curve under −∞ < R < −1 and 1 < R < ∞ regions is not solved for 3/2 laminates. In the Bell CLD, similar to 2/1 laminates, the empirical value of f obtained by (14) By comparing the S-N curve at R � 0.06, it is found that the prediction results of the Goodman and Kawai CLDs are also not reasonable for the examined material. For the Kawai model, the inaccurate results might also be due to the difference between the used critical S-N curve and the one recommended by the Kawai model. In addition, different from 2/1 laminates, the constant life curve obtained by the Bell CLD is reasonable under the whole region.
us, it can be seen that the prediction accuracy of all CLD models needs to be further verified in the following. In addition, if the S-N curve is expressed as an exponential function, then the allowable cycle number corresponding to R values that are not measured experimentally can also be evaluated by the above model.
Damage Accumulation.
To predict fatigue life under variable amplitude stress history and further verify the accuracy of all models, the damage cumulative rule is introduced in this study. e prerequisites for the fatigue damage cumulative rule include the existence of equivalent fatigue damages at different cyclic stress levels and the existence of unique critical damage independent of the stress level.
e most widely used linear damage cumulative rule, that is, the Miner rule, states that the same cycle ratio n i /N i means the same fatigue damage, the cumulative fatigue damage produced by a variable amplitude load history containing n stress cycles equals to n i�1 1/N i (N i stands for the fatigue life under the ith stress cycle), and fatigue failure occurs when the cumulative fatigue damage reaches 1 (the critical damage value). is rule can be expressed as
In order to predict the fatigue lives for two materials under spectrum loading, the linear damage criterion (PM) is used in the calculation of damage cumulative under MiniTwist loading stress. In addition, the number of allowable cycles corresponding to loading stress can be solved by above models. erefore, based on the rainflow-counting method and Miner damage criteria, the fatigue life of notched fiberreinforced 2060 Al-Li alloy laminates under spectrum loading is predicted by applying different CLD models, and the prediction results are shown in Figure 11 . It can be seen from Figure 11 that the difference in S-N curves obtained by different CLD models is very obvious. And the constant life curve obtained by the Bell CLD method for the 2/1 laminates is unreasonable, so the further verification is not made. Although the curvilinear trend of the CL line obtained by the BELL method for the 3/2 laminate is reasonable, the results of the S-N curve predicted by the model are also very inaccurate. is indicates that the method is not applicable for this type of material. e comparison results are shown and discussed in the next section.
Results and Discussion
A model error equation is used to describe the difference between the above predicted life and the mean life measured experimentally at the same stress level under spectrum loading in this paper [9] :
where N model stands for the predicted life and N experiment stands for the mean life measured experimentally at the same stress level under the spectrum loading. e model error Me describes quantitatively how many orders of magnitude are different between the prediction results and the experimental results. A conservative error will be used as a negative Me, while a nonconservative error will be used as a positive Me. ree levels of stress corresponding to the above life level are selected for each material, the stress levels for 2/1 laminates are 175 MPa, 155 MPa, and 130 MPa, respectively, and those for 3/2 laminates are 180 MPa, 170 MPa, and 140 MPa, respectively. Based on the mean life measured experimentally at three stress levels selected, (23) under spectrum loading are presented in Tables 3 and 4 . According to the application of materials in engineering, it is believed that −0.3 < Me < 0.2 indicates a good result. e quantitative and qualitative comparison of each CLD model is carried out in this paper. To qualitatively analyze the prediction accuracy of model results, the S-N curves predicted by different models are compared with the experimental data under the Mini-Twist loading condition, which is shown in Figure 11 . For these two materials, Goodman and Kawai CLD models overestimate the fatigue performance of the examined material, which leads to an optimistic assessment of fatigue life; the other models underestimate the fatigue behavior, which provides conservative prediction results. To further quantitatively validate the predicting ability of each model, the Me values are calculated by (23) and are shown in Tables 3 and 4 . It can be seen that the lower Me values are provided by Goodman and Pwlinear models, which mean a good prediction result; the higher Me values are produced by other models, which mean an inaccurate prediction result.
e comparative analysis shows that, for the 2/1 laminates and 3/2 laminates, Goodman and Pwlinear CLD models can produce a reasonable and accurate result under Mini-Twist spectrum loading; the PNL, Boerstra, Bell, and Kawai models are considered to be not accurate enough for the life prediction under Mini-Twist spectrum loading. From the engineering point of view and on the safe side, the Goodman model is partial to optimistic, and the Pwlinear model is considered to be the most reliable. e Pwlinear model is not based on any assumption, and it is constructed by linear interpolation between fatigue data obtained by the experiment; therefore, the behavior of the examined material can be accurately described. Meanwhile, the Goodman model is constructed based on the experience assumption, which leads to an overly optimistic result. In four other models, apart from the PNL model, the Kawai, Bell, and Boerstra models are very sensitive to various factors. e accuracy of the Kawai model is influenced by the selected input data, the accuracy of the Bell model depends on the quality of the model parameter fitting, and the accuracy of the Boerstra model is determined by the optimization of the parameter estimation. Although the PNL model is derived without any assumption, it does not apply to describe the fatigue behavior of the examined material in this paper. In other words, the most fundamental factor influencing the prediction accuracy is the input data and basic assumptions for the model.
In terms of the experimental data needed to construct the model, it is obvious that Goodman and Kawai models are the least demanding model in all models, followed by Pwlinear and Bell models and finally Boerstra and PNL models. Of course, such a compromise may sacrifice the accuracy of their predictions for some models. In addition, the Pwlinear CLD model can also be constructed by using only one S-N curve at R � −1 so that the model is simplified into Goodman in this case. is will lead to a decline in the accuracy of the prediction. Meanwhile, Pwlinear and Boerstra models can also be constructed by using more S-N curves, which may provide more accurate results.
In terms of the assumption based on constructing the model, Pwlinear and PNL models are not based on any assumption, and other models are all based on certain assumptions. ese assumptions stem from experience and experimental evidence, for example, the Goodman, BELL, Kawai, and Boerstra models. It is obvious that the model can be simplified by adopting the assumptions, and the fairly accurate results can be obtained under certain conditions. However, it is impossible to ensure that these models can be applied under different loading conditions, or for different materials.
Conclusions
e induction and comparison of recently developed and widely used CLD models for composite materials are implemented in this paper. For notched fiber-reinforced metal laminates under Mini-Twist spectrum loading, the effect of various constant life diagrams on the fatigue life prediction is studied and the prediction accuracy is quantified. e conclusions are summarized as follows:
(1) e CLD models developed for unnotched composites can be effectively applied to predict the fatigue life of notched fiber metal laminates under Mini-Twist loading. e selection of a suitable CLD model is crucial to the prediction accuracy of the total fatigue life for notched fiber-reinforced metal laminates under Mini-Twist spectrum loading. e effect of different models on the CLD shape is obvious. An inappropriate choice of the CLD model can lead to overly optimistic or conservative results, which will directly affect the fatigue performance assessment under Mini-Twist loading. (2) Although some models such as Goodman and Kawai are developed for the purpose of minimizing the number of experimental data needed, this simplification undermines the accuracy to some extent in most cases. When there are more data available, these two models do not have the ability to use additional data. In other words, they cannot apply any other S-N curve to increase the prediction accuracy. (3) e advantage of the Boerstra model is that the data do not need to be synthesized into the form of S-N curves and can be directly used. is means that the model can use directly the fatigue data under different cyclic stresses with constant amplitude to obtain the constant life curves. e accuracy of the Boerstra model is mainly determined by the optimization of the model parameters. Slope of the S-N line on the log-log scale b:
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